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Traditionally, the sensitivity of electric fish to electric stimuli has been investigated using a variety of electronically generated 
signal functions, for example sine, square, and sawtooth waves (both continuous and pulsed). None of these resemble the species- 
or sex-specific electric organ discharges (EODs) of fish. Therefore, EODs recorded on magnetic tape were used in open-loop 
playback experiments. However, as shown in the present paper, the waveforms of EODs reproduced from magnetic tape are 
distorted, and cannot be manipulated with speed and accuracy as to frequency or pulse repetition rate by feedback from the 
experiment. Good EOD imitations are generated by our microprocessor-based system for the digital synthesis of EODs which 
is controlled by a small 'personal computer'. Digitized EOD samples edited by computer are output by the fast digital-to-analogue 
converter of the microprocessor system. This system was devised for the synthesis of pulse-type (discontinuous) and wave type 
(continuous) EODs with continuous, on-line frequency and amplitude control. The rate of digital synthesis is 500 kHz in 
pulse-type EODs, and 250-500 kHz in wave type EODs at 0.06-0.24 Hz frequency resolution, depending on the repetition 
frequency ofthe synthesized wave EOD. The present paper describes the steps in EOD synthesis, and indicates some applications 
which benefit from the playback of high-fidelity imitations of natural EODs at amplitudes and frequencies selected by the 
experimenter, or automatically controlled by feedback from the experiment in closed-loop applications. 
INTRODUCTION 
In the study of the electric sense of lower 
vertebrates (for a review see ref. 2) only simple 
stimuli were used until recently, that is waveforms 
available from function or pulse generators (such 
as sine, square, sawtooth, and triangle waves, or 
monopolar and bipolar square wave pulses). 
None of these resemble the electric organ 
discharges (EODs) generated by electric fish (for 
example, the South American Gymnotiformes or 
knife fishes, or the African Momzyriformes). EOD 
waveforms of sympatric groups of electric fish are 
species-specific with little overlap among species 
(see, for example, ref. 17), or, in certain species, 
sexually dim or phi^'^^'^. Since Scheich's20 elec- 
troreceptor study which demonstrated phase- 
sensitive, tuned T-electroreceptors (in addition to 
phase-insensitive, tuned P-receptors) in the knife- 
fish Eigenmannia, the hypothesis of mate selection 
by time pattern cues of EOD  waveform^^^^ was 
supported by a putative sensory mechanism. In 
order to find out whether, in fact, temporal (time 
domain), or spectral (frequency domain) prop- 
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erties of EODs provide the cues for mate 
recognition15, a method was needed to generate 
any waveform, especially those of natural EODs, 
with high fidelity. 
Attempts to make electronically generated 
signal functions look like natural EOD wave- 
forms included their deliberate distortion by elec- 
tronic filtering. Examples are: Westby's of 
Gymnotus carapo with its pulse-type EOD (that is, 
EODs separated by relatively long intervals of 
silence), and Gottschalk's study4 of Eigenmannia 
with its wave-type EOD (that is, quasi-sinusoidal 
EODs of extremely stable frequency); both 
authors used square wave pulses distorted by 
RC-circuits or similar. However, these and other 
attempts did not give satisfactory results. 
The play-back of EODs recorded on magnetic 
tapeg was also unsatisfactory for two reasons. 
(1) Because of limitations of present magnetic 
tapes, EOD waveforms are distorted (see 
Figs. lb, 2; see also ref. 18). This problem is 
especially severe in the very short, click-like EOD 
pulses of broad spectral composition found in 
many African Mormyridae and South American 
Gymnotidae, but is also present in wave EODs 
(especially those of low fundamental frequency 
and high harmonic content as observed, for 
example, in Eigenmannia males (see Fig. 6 and 
ref. 15). (2) When playing back tape-recorded 
EODs the repetition rate of pulse EODs, or the 
frequency of wave EODs, cannot be manipulated 
with speed and accuracy in response to feedback 
from the EOD of a stimulated fish, precluding the 
use of magnetic tape-recorders in closed-loop 
experiments. Play-back of tape-recorded EODs is 
still a useful technique in open-loop applications 
focussing on the inter-EOD time interval patterns 
(of, for example, mormyrids, which are species- 
specific and communicate motivational 
state12,16), using electronically generated pulse 
waveforms (such as single sine wave pulses) 
triggered from the recorded EODs. 
A more promising approach was the use of an 
analogue-to-digital (AID) converted waveform 
for output by the digital-to-analogue (D/A) 
converter of a minicomputer (for example, the 
fairly slow 2-ms pulse of Hypopomus artedi7). The 
drawback is that even powerful minicomputers 
Fig. l. Comparison of the digitized pulse EOD of a 
Pollimyrus isidori (a, live) with a playback from magnetic tape 
(b, tape), and with a digitally synthesized EOD (c, p p ) .  In all 
traces head-positive is up (linear amplitudes in volts); each 
trace represents 0.8 ms. Note that the waveform of the taped 
pulse is severely distorted and rings. The taped pulse (b) 
shows 6 phases instead of Pollimyrus' 4 phases (a, the first 
phase is the weak head-negative potential); the main phase 
of the taped pulse (b) is a large head-positive potential 
instead of the head-negative main spike seen in 'a'. EOD 
waveform is fully retained in 'c'. All pulses were digitized with 
an 8-bit, 2-MHz transient recorder. The recordings (a, b) are 
from the same individual within a few minutes and under 
identical conditions. The EOD sample 'a' served for synthesis 
of the EOD imitation 'c'. 
(which are - despite their name - large and 
expensive systems) are too slow in sampling and 
outputting voltages (typically 20 kHz sampling 
and conversion rate, with up to 50 kHz only in the 
most powerful systems, such as Digital Equip- 
ment Corporation's PDP 11/40). For example, 
Pollimyrus isidori's 50 ps EOD (without slower 
Gnathonemus 
tape, 
Fig. 2. Comparison of the digitized pulse EOD of 
Gnathonemus petersii with a playback from magnetic tape, 
and with a digitally synthesized EOD. Recording conditions 
and scale and trace conventions as in Fig. 1. The EODs are 
normalized to the same height ofthe head-positive peak, and 
to the same X-axis position of the zero-crossing of the fast 
head-negative transient. Top: Although much slower than 
the Pollimyrus EOD, Gnathonemus' EOD is still considerably 
distorted by recording on tape, and the head-negative peak 
is slightly too late. The dotted waveform represents the 
individual A/D data points of the digitized EOD stored on 
magnetic tape; the dots merge at slow rates of voltage 
change. The digitized EOD of the live fish is shown in the 
solid trace. Bottom: pp-generated waveform synthesized 
from the EOD shown in the solid trace (top). 
pre- and post-potentials of low amplitude; 
Fig. la) would be represented by only 2 voltage 
levels even at 50 kHz sampling rate. Therefore, 
this method yielded synthetic EODs unacceptably 
distorted in all but the longest pulse EODs. 
Wave EODs have not yet been synthesized, 
since in addition to the technical speed problem, 
there is the difficulty of continuous voltage change 
with no intervals of silence between EODs. In 
pulse EODs, the digitally stored data can be 
directly used for triggered output because of the 
long intervals of silence between pulses; in wave 
EODs this is not possible. 
For these reasons we designed a micro- 
processor-based system controlled by a small 
'personal computer' for the high-speed synthesis 
of pulse and wave EODs, with on-line control of 
the microprocessor for closed-loop experiments. 
The following description includes the necessary 
detail for the construction of the system; since all 
parts or techniques are standard they may be 
replaced by equivalent or improved components 
and techniques which are locally available. The 
computer programs in BASIC are short and 
simple (and machine-specific); therefore, an over- 
view of the procedures employed is presented, 
rather than a host of technical detail. 
MATERIALS AND METHODS 
I .  Hardware 
The central component of our system is a small 
Hewlett-Packard model 85A 'personal computer' 
(PC) with 32 kbytes of memory, and a dual floppy 
disc drive (540 kbytes of storage). A Vuko model 
VK 12-2 transient recorder (8 bit, 2 MHz; 2000 
memory addresses, or words) records the EODs 
(see below) as a series of 8-bit integer numbers 
which are stored on disc for later editing. 
D/A-converted waveforms are viewed on an 
oscilloscope; hard-copy output (via an IEEE- 
interface) is produced on a Hewlett-Packard 
model 9872A digital plotter controlled by the 
computer. 
Our microprocessor-based system (PP; Fig. 3) 
for the synthesis of EODs was built by the second 
author (D.W.). It consists of an RCA (Radio 
interface 0 
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Fig. 3. Block diagram of the components of a micro- 
processor (pp)-based system for the digital synthesis of 
EODs (the PC, personal computer, is not part of the system, 
but controls it via an IEEE-interface which is common to the 
PC and the pP  system). The electrode dipole is the output 
device (which can be replaced by other transducers in other 
applications). 
Corporation of America) type CDP 1802 micro- 
processor with 16 kbyte Random Access Memo- 
ry (RAM; expandable to 64 kbyte RAM) backed 
up by rechargeable batteries. The first kbyte 
stores a machine-code operating system, and data 
specifying a particular job, such as frequency and 
amplitude. The remaining memory stores up to 7 
EOD waveforms (as lists of 2048 8-bit-integers), 
or up to 6782 time intervals (as 16-bit-integers), or 
any combination thereof which does not exceed 
total memory. For generating analogue wave- 
forms the interesting EOD data are copied into a 
separate working RAM (2048 X 8-bit). An ad- 
dress counter sequentially outputs the contents of 
the working RAM to a D/A-converter. This is 
quite similar to the operating principle of a 
transient recorder. Gates at the input of the ad- 
dress counter select address zero for start and 
stop of the cyclical outputting process. 
The address counter is advanced by clock 
pulses generated by a quartz-stabilized, pro- 
grammable frequency synthesizer (12-bit fre- 
quency resolution). Maximum frequency is 500 
kHz, minimum frequency which equals the fre- 
quency resolution is 122 Hz. This yields a 
repetition frequency of up to 244 Hz (with 0.06 
Hz resolution) for the cyclical output of the whole 
working RAM, that is, the analogue signal such as 
an EOD is synthesized at a frequency of up to 
244 Hz. Higher frequencies of the analogue signal 
are achieved by storing two or more identical 
signal cycles in the working RAM. More details 
about the D/A-converter, the programmable 
output amplifiers, and the attenuators are given in 
section IV, EOD output. 
The pP is connected to the PC by an IEEE- 
interface which occupies two memory locations 
(internally selectable). One address serves for 
loading the operating system from the PC (stored 
as a disc file), the other serves for accepting data 
and instructions. Maximum block transfer rate is 
13.4 kbytes/s. 
Our system is highly flexible by virtue of its 
modular design and software programming. By 
adding or changing modules, or by modifying the 
operating system, the system can be adapted for 
the most diverse applications. 
EODs were recorded with a differential am- 
plifier ( l  Hz-100 kHz) with the positive electrode 
near the head, the negative electrode near the tail 
of the fish (Fig. 4). EODs were stored using either 
a transient recorder (see above, Fig. 4), or a 
magnetic tape recorder. A high-quality Nagra 
IV-SJ tape recorder was used for EOD recordings 
on magnetic tape (Figs. l b  and 2, dotted trace). 
Tape speed was a maximum 38.1 cm/s during 
recording and playback ( 1.0 dB from 25 Hz to 
35 kHz; direct recording because of the high fre- 
quency content of pulse EODs). Water conduc- 
tivity was 100 pS/cm, temperature was 27.0 "C. 
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Fig. 4. Summary ofthe steps in EOD synthesis, as explained in the text. 
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II. Software 
The EOD synthesizer consists of an integrated 
program for the PC written in BASIC. It handles 
data input from the transient recorder, waveform 
synthesis, data storage and transfer to the pp. 
Several application programs in BASIC prepare 
the pP  for experiments during set-up, control the 
pP and other devices during experiments, analyze 
the data, etc. 
III. Basic per$onnance objectives 
The basic objective in the design of our EOD 
synthesizer was the high-fidelity reproduction of 
EODs (or arithmetically modified EODs, or 
purely artificial waveforms). There is a trade-off 
between temporal and amplitude resolution in the 
choice of AID- and D/A-converters: we con- 
sidered high temporal resolution (up to 500 kHz) 
of the utmost importance for the retainment of 
waveform, and an 8-bit amplitude resolution (256 
linear levels) to be sufficient. The output is cycli- 
cally continuous in the case of wave EODs, and 
internally or externally triggered in the case of 
pulse EODs. 
Wave EODs. Amplitude and the rate of D/A- 
conversion, hence frequency of the synthesized 
signal, are continuously variable on-line to the 
animal under test, enabling closed-loop experi- 
ments. 
Pulse EODs. In addition to the features of wave 
EODs, the trigger mode includes ( l )  external 
triggering with fixed (but programmable) latency 
to the triggering pulses; (2) internal triggering 
from a list of time intervals, stored in the pp's 
memory; (3) external triggering with internally 
specified delay times according to a list of time 
intervals, stored in the pp's memory. All intervals 
are generated at 0. l-ms resolution. 
As the synthesis of pulse EODs is straight- 
forward (see Introduction, and Figs. l c  and 2, 
bottom), the synthesis of wave EODs will receive 
special attention in the following. 
IV. Steps in synthesis 
Four basic steps in the process of modification 
of sampled EODs for synthesis will be discussed 
using Eigenmannia's wave EOD (Figs. 5 and 6) as 
an example (a summary of this process is shown 
in Fig. 4). 
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Fig. 5. Synthesis of the EOD of a female Eigenmannia lineata. 
a: the digitized sample of the EOD of the live fish which 
served for synthesis (400 kHz digitization). b: the EOD ofthe 
live fish (328 Hz), digitized at 100 kHz with 8-bit resolution 
(water conductivity: 100 pS/cm; temperature: 27.0 "C). c: 
the synthetic EOD (400 Hz) recorded from the pP output, 
digitized at 100 kHz with 12-bit resolution. 
EOD input. The Vuko transient recorder 
registers input voltages in 28 or 256 discrete linear 
levels. These levels are represented as integer 
numbers 0 to + 255 for data transfer and arith- 
metic manipulations by computer programs. The 
sampling rate of the transient recorder is up to 
2 MHz or one digital representation of voltage 
every 0.5 ps. With the transient recorder's 2000- 
word memory, recording time is 1 ms. This is less 
than one EOD cycle in Eigenmannia species 
which usually discharge at 250-500 Hz (or 
2-4 ms per cycle). A sampling rate of 400 kHz 
(2.5 ,us per step) gives a 5-ms recording time; this 
was sufficient for capturing at least one EOD 
cycle in all individuals (Figs. 5a, 6a). In an 
Apteronotus albifons discharging at 870 Hz, a 
sampling rate of 1 MHz (l ps per step, that is 
2 ms recording time) was used (not shown). The 
digitized samples were transferred as a block from 
the transient recorder memory to the computer 
and stored as disc files. 
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Fig. 6. Synthesis of the EOD of a male Eigenmannia lineata 
(as Fig. 5 ,  but EOD frequency was 268 Hz). 
Arithmetic preparation of EOD sample for output. 
The editing program described below was 
designed to analyze Eigenmannia species (Figs. 5 
and 6) and Apteronotus albifons (see ref. 14) 
EODs; more complicated waveforms (for ex- 
ample, those with more than one maximum or 
minimum per cycle; see ref. 17) may require other 
algorithms. 
As the desired maximum frequency of the 
synthesized EOD was greater than 244 Hz, more 
than one EOD cycle (4 in these examples) had to 
be loaded into the working RAM. First, the 
editing program determines the length (that is, the 
start and the end locations) of one EOD cycle 
within the original AID-data array. That portion 
of the array is digitally smoothed, arithmetically 
expanded to the full %bit range (that is, to a 
maximum value of 255 and a minimum value of 
O), and redimensioned to an array of 5 12 elements 
(in the case of a desired maximum frequency of up 
to 976 Hz). This array, representing one EOD 
cycle, is concatenated with itself 3 times in turn, 
so that a 2048-element array results, comprising 
4 complete and identical EOD cycles. The whole 
array is coded as ASCII-characters (representing 
integer numbers from 0 to + 255), stored on disc, 
and transferred to the pP memory. 
A continuous signal is generated by the pP as 
explained above (3 cycles shown in Figs. 5b and 
6b). The number of cycles stored in the working 
RAM is relevant for the desired frequency range 
only. With 4 cycles stored, our system synthesizes 
EODs of a frequency of up to 976 Hz (frequency 
resolution is 0.24 Hz in that case). Instead of an 
EOD, any other periodic function may, of course, 
be synthesized. 
Control of the pP  by the PC. After set-up of the 
p p  for an experiment, several instructions have to 
be sent to the pP from the PC in order to specify 
a job (Fig. 3). These concern: ( l )  which wave- 
form is to be used for the output (1 out of up to 
7 stored in 7 separate memory areas); (2) ampli- 
tude (256 linear levels from 0 to full output at each 
attenuator setting); (3) envelope rise time 
(0-2000 ms) and (4) frequency. These para- 
meters are sent to the pP as strings of ASCII 
characters via standard output commands in 
BASIC. They can be sent any time; the pP is 
under complete control of the PC (except during 
amplitude change when the PP will not accept 
commands or data). The PC can send new 
instructions on an internal or external interrupt 
(for example, from the experiment). 
EOD output. The D/A converter (Precision 
Monolithic Instruments, PMI-DAC08) incor- 
porated in our system (Fig. 3) is a fast (85 ns 
settling time) 8-bit device. Due to the frequency 
synthesizer, the maximum conversion rate is 
500 kHz. The output of the D/A converter is fed 
into a programmable (8-bit) output-amplifier with 
symmetrical outputs working in counter-phase 
(frequency response: 2 Hz-100 kHz ; 24 V 
peak-to-peak full output at 0 dB attenuation). The 
two outputs each contain one manually selectable, 
mechanically coupled attenuator (0-1 10 dB in 10 
dB steps; output impedance: 600 0). At each 
attenuator setting the amplification can be pro- 
grammed from 0 to full output in 256 linear levels. 
Because of the symmetrical amplifier outputs 
the use of a stimulus isolation unit was un- 
necessary in our experiments. The signal can be 
applied directly to a dipole for the stimulation of 
fish. Best results (that is, minimum waveform 
distortion) are achieved by the use of carbon elec- 
trodes with large surface areas. For other applica- 
tions, other transducers such as loudspeakers or 
vibrators may be used (with appropriate modifi- 
cation of the output amplifier). 
The only difference between the synthetic EOD 
imitations produced by our pP (Figs. lc, 2 
(bottom), 5c, and 6c) and fish EODs (Figs. la, 2 
(top, solid trace), 5b, and 6b) is that the synthetic 
EODs show stepwise voltage changes due to their 
digital storage and synthesis, while fish EODs, of 
course, do not. The voltage steps in the recordings 
of fish EODs are artifacts (digital noise) due to the 
AID conversion. The amplitude of the digital 
noise of the synthesized signals is < 5 % of the 
peak-to-peak signal amplitude (0.4% of sine 
waves below 500 Hz). The fish are certainly in- 
sensitive to that low-level, high-frequency digital 
noise, since the D/A conversion rate of our PP, 
depending on the desired maximum frequency of 
EOD synthesis and the actual output frequency, 
ranges from 250 kHz to 500 kHz in wave EODs 
(500 kHz in pulse EODs). Electroreceptors are 
tuned to the low frequency fundamental of wave 
EODs, that is, 250-650 Hz in Eigenmannia, and 
about 800-1 100 Hz in A p t e r o n o t ~ s ~ ~ ~ ~ - ~ ~ .  In 
Eigenmannia the high frequency cut-off slope of 
single electroreceptor tuning curves is 55 
dB/decade (or 17 d B / ~ c t a v e ~ ~ ) .  In gymnotoid 
pulse fish electroreceptors are approximately 
tuned to the peak power frequency of the pulse',10 
which is around 10 kHz in extremely short pulse 
EODs, such as that of the mormyrid P. isidori". 
APPLICATIONS 
Eigenmannia's jamming avoidance response 
(JAR23) is a frequency shift away from a similar 
frequency of a close neighbour. The assumed 
function of the response is an improvement of the 
fish's signal-to-noise ratio for better electroloca- 
tion in the presence of a neighbour's jamming 
Since at least two fish are involved 
under natural conditions this behaviour has been 
qualified as communication b e h a v i ~ u r ~ ~ ~ ~ ~ ~ .  
Gottschalk4 considered a temporal feature of 
the EOD wave-form based on the intervals 
between zero-crossings of prime importance for 
signal detection and jamming avoidance be- 
haviour (and, by implication, also for species and 
mate recognition). In order to test how Eigen- 
mannia detects and analyzes stimulus waves, an 
on-line system affording free choice of stimulus 
waveforms, amplitudes, and frequencies was 
needed, such as the one presented here. The 
results of closed-loop JAR experiments, using 
various artificial and synthetic 'natural' wave- 
forms, show that E. lineata performs the equiva- 
lent of a limited Fourier amplitude spectrum ana- 
lysis of the stimulus signal, and is insensitive to 
waveform in the context of the JAR. Eigenmannia 
assesses the intensity of that harmonic signal 
component which is close to its own EOD funda- 
mental frequency, showing that the mechanism of 
signal analysis involved is a frequency domain 
mechanism15. This has been tested, for example, 
by the use of digitally synthesized male and female 
EODs (see Figs. 5 and 6, and Fig. l 1  in ref. 15 
which also gives Fourier amplitude spectra), and 
by purely artificial signals of identical amplitude 
spectra, synthesized by computer (Fig. 9 in 
ref. 15). The waveforms of the latter signals were 
dissimilar due to different phase relationships 
among their harmonics. 
However, Eigenmannia does discriminate 
between the male and female EOD waveforms as 
confirmed in a food-rewarded, conditioned dis- 
crimination experiment. With stimuli presented in 
randomized sequence, each of 4 E. lineata clearly 
discriminated the rewarded synthetic female 
EOD from the unrewarded synthetic male 
EOD19. The animals also discriminated sawtooth 
waves from sine waves, and synthetic male EODs 
from sine waves. The fish quickly changed their 
preference when the roles of the rewarded and 
unrewarded waveforms were reversed. The fish 
still discriminated successfully between sawtooth 
and sine wave signals when the intensities of their 
fundamental frequencies were equal instead of 
their peak-to-peak amplitudes, excluding a purely 
intensity-dependent discrimination. The pairs of 
signals which were discriminated differed mark- 
edly both in waveform and harmonic content. 
The aim of experiments in progress is to find 
out more about the mechanisms of this discrimi- 
nation using our microprocessor-based system 
which affords free choice among natural and arti- 
ficial waveforms over a wide range of frequencies 
and amplitudes. 
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